Abstract: The dielectric properties of epoxy resin have been studied as a function of hydration. The epoxy was studied in an un-filled state, filled with 40 pm SiO2 particles, and filled with 50 nm SiO2 particles. The relative humidity was controlled by saturated salt solutions at ambient temperatures from 298-353 K. Measurements were made using dielectric spectroscopy over the frequency range 10-3_ 105 Hz. The hydration isotherm (i.e. the mass uptake of water) was established by measuring the mass as a function of relative humidity (RH). It was found that the nanocomposites absorb up to 60% more water than the unfilled and micro-filled epoxies. Dielectric spectroscopy shows different conduction and quasi-DC behaviours at very low frequencies (<10-2 Hz) with activation energies dependent on the hydration and temperature. These observations have led to the development of a "water shell" model.
INTRODUCTION
Polymeric nanocomposites are one of the most attractive research subjects in the field of solid electrical insulation. Currently, most of the research is carried out incorporating various nanoparticles into existing dielectric systems in a cost effective manner, resulting in improved benefits over conventional filler systems. However, the effect of water on nanocomposites is still far from being well established. The potential weakness caused by water may have a detrimental effect on the improved mechanical/electrical behaviours of nanocomposites. In this work, the effect of water on the dielectric spectrum of epoxy resin and epoxy nanocomposites was studied.
EXPERIMENTS
The resin studied was an epoxy based on diglycidyl ether of bisphenol A (Araldite CY 225 from Huntsman) and cured with a hardener (HY 227, Huntsman). The epoxy nanocomposites were prepared under the conditions given in ref [1] . Epoxy 1-4244-0750-8/07/$20.00 ©2007 IEEE.
resins with 3 or 9 wt% nano-Silica fillers (referred to as n3 or n9) were prepared to compare with the unfilled epoxy resin and with 60 wt% micro-Silica fillers (M60 
RESULTS
Hydration: The hydration (the percentage weight increase due to the water uptake) after annealing two weeks is given in Figure 1 . M60 appears to absorb far less water. However, the water uptake by the epoxy part of this composite is indistinguishable from unfilled epoxy. Nanocomposites absorb more water than unfilled epoxy and M60 under the same humidity condition. Hydration also increases with nano-filler concentration. This may be due to the high specific interfacial area (particle area per composite volume) where water may congregate and that the nanocomposites may increase the free volume [2] , which may allow increased water percolation. Relative humidity (%) The dielectric behaviour at low frequencies: Figure 3 shows the dielectric behaviour (real and imaginary part of capacitance, C' and C") of n3 at 298 and 353 K under 100% RH. The reproducibility of the data was confirmed by measuring several samples. When the frequency is below 1 0-2 Hz, true conduction can be observed in all dry epoxy samples, i.e., C'cc oC1 C 'C c w'. This is typical of a material possessing mobile charge carriers. However, with increasing temperature, once the hydration in nanocomposites reaches a certain level, the dielectric behaviour at low frequencies will change into a quasi-DC/LFD process, i.e., C'ccC"cc n-l1 Figure 3 .
This behaviour is typically observed when charge carriers have some limited freedom of movement and, under the influence of the electric field, follow tortuous paths that do not allow transport right through the material. It seems likely that the carriers are moving through partially interconnected interaction zones that surround the particles.
A similar low frequency phenomenon was observed in unfilled epoxy, M60 and n9. However, at the same relative humidity, the start temperature that QDC occurs in n9 is lower than that in other samples. Also, at a temperature beyond the threshold, QDC could occur in n9 at a lower relative humidity than other epoxy samples. The activation energy values of the relaxation process in epoxy materials at low frequency (below 10-2 Hz) and above 338 K are given in Table 1 . Activation energy of the relaxation process at the low frequencies drops with increasing humidity, suggesting the channels in the percolation network are dilated, or the degree of interconnection becomes higher so that the width of barriers to jump over is thinner. As more water enters the composite, the epoxy become more flexible, it contains more "free water". This is reflected by a drop in the activation energy.
Moreover, the activation energy of composites with fillers is lower than that of matrix. This might suggest that free volume in composites with fillers is increased by incorporating inorganic fillers, and the more filler is added, the bigger free volume in the composites. Such results are confirmed by the results from saturated samples. In M60 (40 vol%), the particle concentration is higher than that the percolation limit ( 19 vol%). If the volume of water shell around nanoparticles is considered, the volume concentration in n9 also is quite high. Then there are continuous paths of touching particles from one side of the material to the other. One would therefore expect that, at least at higher hydration, the activation energies Ea, for these two composites, to be similar. However, except at very high hydration, water-mediated pathways around the particles in the n3 (1.5 vol%) composites will not be continuous; in some [3] and the specific area of the fillers in nanocomposites is much greater than that of microcomposites. The greater specific area in nanocomposites provides the source of charges and defects. For n3, under the assumption that all particles ( 50 nm of average diameter) disperse into the bulk uniformly, the average distance between nanoparticles is -300 nm. But in real situation, the distance between nanoparticles is much reduced to less than 100 nm, which is on the brink of the "Debye shielding interaction zone" [4] . For n9, the distance between many particles will be much less than 40 nm. Charges and carriers may move through the interaction zone between neighbouring particles. However, for any microcomposite with low filler concentration, the average distance between particles may be microns. This is a huge gap for charges to jump over even under the promotion of the external applied field. Hence, the typical direct current is observed in low concentration microcomposites and unfilled epoxy, because such charges have to go through the high insulating matrix to reach the other side of the sample. Conversely, in n9, charges might reach the other side of the sample by jumping from the interfacial zone of one nanoparticle to the other if the gap between the two nanoparticles is shallow. Then, the Quasi-DC phenomenon occurs. Nguyen [5] . To describe the situation that water exists in epoxy nanocomposites, a "water shell" model is built up. In this model, a nanoparticle plays a role of "core". To cover the "core", the water in nanocomposites can be divided into three layers. The first layer of water (5-10 water molecules) may be firmly bound to the nanoparticle. Beyond that, water may be loosely bound by Van Der Waals Forces as the second layer. The rest of the water will be "free" and exists in the bulk of the matrix. The first and second water layers are likely to provide a channel for charges and carriers. This situation is described in Figure 4 . In low concentration microcomposites (<19 vol%), Figure 5 (a, b), the gap between two particles is too big for the interaction zone to overlap, and only conduction current can be found in microcomposites by charges/carriers going through the matrix. As to nanocomposites, Figure 5 (c, d), under the dry condition, the situation in nanocomposites is similar with that in microcomposites; however, once enough water enters the nanocomposites, the water layers surrounding nanoparticles might overlap and provide the paths for charges and carriers. This causes the QDC behaviour at low frequencies. The higher content of nanoparticles, the shorter distance between particles, and the lower hydration required making the water shells around nanoparticles overlap.
CONCLUSIONS
In this work, the effect of water uptake on the dielectric properties of epoxy materials was studied. Both theory and experiment demonstrated that greater water content could exist in nanocomposites than unfilled epoxy because of the bigger free volume when nanostructured.
dielectric properties at the low frequencies will transform into a quasi-DC/LFD process from conduction. This phenomenon was explained by a "water shell" model, which assumes that a water shell around nanoparticles provides a channel for charges.
The dielectric behaviour of epoxy composites are influenced by low concentration of nano-fillers, small amount of fillers can be used to tailor the properties of composites. In epoxy composites, it is important to control hydration in epoxy materials. The influence of water on the dielectric properties of epoxy composites can be explained by a "water shell" model.
The further work will focus on these aspects below, surface functionalization of nanoparticles; mechanical strength and ageing tests on humid and dry sample; and electrical breakdown tests on humid and dry sample. This work is supported by EPSRC (contract number GR/530672/01), UK, and Schneider Electric, France.
